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Abstract 
A computational study has been performed on predicting pKa values for polyamines, these having a potential for 
being used as solvents in CO2 capture processes. In this article, we have coupled density functional theory with  
continuum solvent models (PCM and SM8T) to calculate the aqueous pKa of polyamines. No empirical correction 
terms were employed in the calculations except for the free energy of solvation of the proton (H+) in gaseous phase 
and in aqueous phase. The B3LYP functional and 6-311++G (d, p) basis set were used in all the calculations. Gas 
phase conformer search at HF/3-21G*level was carried out. As, post combustion CO2 capture is a temperature swing 
process, senstivity of pKa values of polyamines with temperature is an important variable. 
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1.Introduction   
                                                                                                                                                                
Global warming is of major concern today. Climate changes are observed mainly due to more and more  
greenhouse gases being released in the environment. CO2 is a major contributor to these greenhouse 
gases. The development of cheap and environmentally friendly solutions are the need of today. One of the 
solutions to this existing problem is suggested by the carbon capture and storage (CCS) methodology.  In 
post combustion CO2 capture processes, solutions of amines or other bases are developed which can 
absorb CO2. Absorption with amine-based absorbents is the most promising technology for CO2  removal 
today. Among all known solvents, ethanolamine (MEA) is the benchmark molecule because of its 
properties toward CO2 capture (high absorption capacity, fast kinetics, high water solubility, low price, 
etc.). Although amine based CO2 absorption is an established and proven technology, it is still energy 
demanding. The main focus is to reduce energy requirement, the environmental impact and the capture 
cost. One solution to these requirements is to find a better solvent with high cyclic capacity, fast 
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absorption rate, high equilibrium temperature sensitivity, and low enthalpy of absorption. Polyamines 
have more than one amine functionality and hence they can potentially have a large capacity for CO2 
capture and a high absorption rate. Also second and third amine functionalities have very similar 
properties to alcohols as it increases their capacity for CO2 capture. In this work, computational chemistry 
studies are performed on polyamine systems to estimate pKa values and their temperature dependencies. 
The pKa values of the conjugate acids of amines are important variables to understand their CO2 reaction 
rate, absorption and desorption capacity in absorber and stripper respectively.  The reliable prediction of 
these properties would be of great interest when screening for new promising solvents for CO2 capture. 
The main objective of present work is to screen polyamines solutions for CO2 capture processes, based on 
their temperature dependence of pKa. 
Following these studies, four polyamines were selected with only tertiary amine functions. The studied 
molecules were N,N,N′,N′-tetramethylpropylenediamine (TMPDA), N,N,N′,N′- 
tetramethylbutylenediamine (TMBDA), N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA), and 
N,N,N′,N′,N′′-pentamethyldipropylenetriamine (PMDPTA). They were compared with N,N,N′,N′-
tetramethylethylenediamine (TMEDA) to determine the impact of alkyl chain length between amine 
functions (2, 3, 4, 5, or 7 atoms). An amine, 3-amino-1-methylaminopropane, having both primary and 
tertiary amino groups was also studied. The cyclic diamine Piperazine and N,N′-dimethylpiperazine 
(DMP), are also reported in this paper to be compared with other polyamines. Table 1 and figure 1 lists all 
the polyamines studied in present work. 
Table 1. Amines studied Classified by Family (Cyclic, Diamines, Triamines) and by Amine functionality (Primary I, Secondary II, 
Tertiary III) 
 
Many references have appeared in the literature explaining computational methods of pKa calculations. 
The most common of all these schemes is to couple quantum chemical calculations of gas-phase 
deprotonation energy with continuum dielectric models to account for solvent effects. However, 
Amine Abbreviation Amine     
Function 
Piperazine PZ s-s 
Dimethylpiperazine DMP t-t 
 3-amino-1-methylaminopropane MAPA s-p 
N,N,N′,N′-tetramethylethylenediamine TMEDA t-t 
N,N,N′,N′-tetramethylpropylenediamine TMPDA t-t 
N,N,N′,N′-tetramethylbutylenediamine 
(TMBDA) 
TMBDA t-t 
 N,N,N′,N′,N′′-pentamethyldiethylenetriamine PMDETA t-t-t 
N,N,N′,N′,N′′- 
Pentamethyldipropylenetriamine 
PMDPTA t-t-t 
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continuum dielectric solvent models are often not adequate when dealing with solutes that have 
concentrated charge density with strong local solute-solvent interactions (e.g., ions). For these cases, it is 
necessary to add explicit solvent molecules to the continuum solvent model system. [1-3]. In fact, the 
accurate prediction of acidity constants is a challenging task. Differences of approximately 1 pKa unit 
between calculated and measured acidity constants are usually observed. Because of this, several groups 
[4, 5] have employed empirical correction terms for their calculated initial pKa results in order to improve 
the agreement with measurements. The latest studies of Liptak et al. [6, 7] and Magill [8] describe pKa 
calculation protocols with no empirical correction factors based on highly accurate complete basis sets 
(CBS) or gas-phase methods with the CPCM continuum solvent model. The joining of density functional 
theory (DFT) with a continuum solvent model has been described [9, 10] to provide a computationally 
viable and accurate pKa calculation method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1: Structures of polyamines studied. 
 
In fact, there are very few reported studies of pKa calculations for amines. The significant study of 
Tomasi et al. [11] coupled ab initio quantum chemistry [MP4(SDTQ)/6-31G* level of theory] with an 
electrostatic polarizable continuum model. It reproduces the experimentally observed order of basicities 
for methylamines. Kallies at al. [12] used the SCI-PCM solvation model and DFT (B3LYP/6-31G* and 
B3LYP/aug-cc-pVDZ//B3LYP/ 6-31G* level of theory) to calculate the pKa of selected aliphatic, 
alicyclic, and aromatic amines.  
As a first step toward the determination of the pKa of the polyamines we coupled DFT with continuum 
solvation models to calculate the pKa of aliphatic amines. We carried out a detailed conformational 
analysis of these molecules. In all cases, the lowest-energy conformers in gaseous phase were identified 
and used in subsequent pKa calculations. C No empirical correction terms were employed in these 
calculations. Solvation energies of polyamines and protonated polyamines were calculated by using two 
continuum solvation models. 
1. Polarizable continuum model (PCM) 
2. SM8T 
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1.1 Polarizable Continuum Model 
 
In the continuum models the solvent is described by a dielectric medium and a cavity is defined inside 
this dielectric medium. This cavity is formulated to insert the molecule in the solvent phase. In these 
models, outside the cavity of solute, the solvent distribution is kept constant by reproducing the density of 
solvent. These models are basically parameterized to calculate the free energy of solvation as given by the 
following equation (1), 
 
                                                                                                                                                         
 
The various terms contributing towards the calculation of free energy of solvation are the electrostatic 
contribution, the van der Waals dispersion and repulsion energies and the energy required to create the 
solute cavity. These models, as reviewed by Tomasi and Persico [13], varies in solute description, the 
solute charge distribution, the interaction with the dielectric, i.e. the electrostatic potential and how the 
solute cavity and surface are described. The Polarizable Continuum Model of Tomasi et al. [14] has been 
used in this work. This approach represents the solvent as a polarizable continuum and places the solute in 
a cavity within the solvent. It is an apparent surface charge approach, where the reaction potential is 
described in terms of an apparent charge distribution spread on the cavity surface. 
A molecular shaped cavity is used. The tessellation of the spheres which builds the surface was initially 
based on parallels and meridians but after it was based on the inscribed pentakisdodecahedron. Two 
nested cycles were used to carry out quantum mechanical calculations. Final charges on the surface 
elements are calculated by internal cycles using the molecular charge distribution. The external cycle 
calculates an improved solute charge distribution. 
The cavity can be modeled in three different ways (Fig. 2). All surfaces are produced by the union of 
van der Waals spheres which centers on the solute atoms: 
 
 
Fig 2: Solute surfaces [15, 16] 
solv es vdw cavG G G G' ' ' '
144   Mayuri Gupta et al. /  Energy Procedia  23 ( 2012 )  140 – 150 
(a) The simplest one is defining only the union of spheres (Van der Waals surface (Fig. 1(a)) and it is 
used to describe the continuum for molecules of small size. 
(b) The solvent-accessible surface (Fig. 1(b)) introduced by Lee and Richards [15] is traced out by the 
probe sphere center as it rolls over the solute. It can be regarded as an expanded van der Waals surface. 
(c) Later, Richards [16] introduced the re-entrant surface, which together with the contact surface (the 
part of the van der Waals surface that can be touched by a water sized probe sphere) forms the molecular 
surface or equivalently, the solvent excluding surface. The molecular surface (Fig. 1(c)) is the surface 
traced by the inward-facing surface of the probe sphere. The re-entrant surface consists of the inward-
facing part of the probe sphere when it is in contact with more than one atom. The solvent excluded 
volume is the volume enclosed by the molecular surface. It is the volume that the probe sphere is excluded 
from. The solvent-excluded volume is the sum of the van der Waals volume and the interstitial volume. 
As has been mentioned in earlier sections, the PCM calculations differ in the way the cavity is formed. 
The shape and size of the cavity are critical factors in the elaboration of a method. An ideal cavity should 
reproduce the shape of the solute. The cavity shapes actually employed are the following ones: (1) regular 
shapes, namely spheres, ellipsoid and cylinders or (2) molecular shapes. A cavity is also characterized by 
its size, i.e. volume and surface area. 
 
1.2 GEPOL algorithm 
 
The GEnerating POLyhedra (GEPOL) algorithm of Nilsson et al. [17] is the most common algorithm 
used for computing the cavity. It defines the surface in terms of a set of interlocking spheres, the original 
van der Waals ones, supplemented by other spheres also depending on the solute molecular radius. The 
tessellation (partitioning the spheres) is performed using a pentakisdodecahedron (a polyhedron derived 
from the dodecahedron by replacing each pentagonal face with five triangles) inscribed within each 
sphere. This solid has 60 faces, all of equal area. The pentakisdodecahedron belongs to a family of 
polyhedra with triangular faces. The surface of the sphere is correspondingly partitioned into 60 
equivalent curvilinear triangles, almost equilateral. Higher order polytopes are used to describe the areas 
and the centers of irregular tesserae deriving from the intersection of two spheres. The hidden tesserae 
contained in the volume of the cavity are not considered. This new partition of a spherical surface is more 
suited to treat spheres of very different radii. The algorithm has well survived the critical examination of 
many users, and others are using it in solvation methods and other applications. This method has been 
found useful to compute the surface and volume of the cavity, with a better accuracy and at a lower cost 
than achieved by means of other algorithms. The GEPOL algorithm can calculate the surfaces for all 
kinds of amines and organic compounds [18]. 
 
1.3 SM8T 
 
Solvation model 8 with temperature dependence (SM8T) is designed to account for the temperature 
dependence of free energies of solvation for compounds containing H, C, N, O, F, S, Cl, or Br in the range 
273 K to 373 K [19]. The change in the solvation free energy relative to the reference temperature of 298 
K is computed as 
 
                                                                                              
where ΔΔGENP is the temperature dependence associated with ΔGENP, ΔGCDS is the temperature 
dependence of first-solvation-shell phenomena (and other approximations associated with use of the 
* *( ) ( )s ENP CDS concG G T G T G''  '' ' ''
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generalized Born equation), and ∆∆G*conc is the temperature dependence of the free energy contribution 
due to any change in standard-state concentration when going from the gas phase into solution. 
 ΔGENP depends on the partial atomic charges of the solute; the intrinsic Coulomb radii of the solute 
atoms, the solute geometry, and the dielectric constant of the solvent, all of which might in principle 
depend on temperature. In SM8T, the temperature-dependence of ΔΔGENP is restricted to only the 
dielectric constant, ε (T). 
The ΔGCDS term is computed using parameters designed to reproduce the effects of the entropy of 
solvation and the heat capacity of solvation as well as all residual effects (for example, systematic errors 
in the modeled charges or the temperature dependence of the solute-solvent boundary) beyond those 
accounted for by ΔΔGENP. 
2. Computational details 
      (a) The first step is to obtain the equilibrium geometry of the molecule in the ideal gas phase from 
molecular energy minimization using Density Functional Theory (DFT) with B3LYP functional at 6-
311++G (d, p) basis set level with Spartan 08. Gas Phase conformer search was carried out at HF/3-21G* 
level and most stable conformers used for calculations are shown in figure 4. 
(b) The second step is to carry out the PCM calculations and gaseous phase frequency calculations in 
Gaussian 03 for the temperature range of 298-393 K, using the optimized structure obtained in the 
previous step. All calculations were done using Density Functional Theory (DFT) with B3LYP functional 
at 6-311++G (d, p) basis set level. PCM calculations were done using the default settings in Gaussian 03 
in aqueous phase.  
(c) The third step is to carry out SM8T calculations using Spartan 08 for the temperature range of 273.15-
373 K. All calculations were done on the optimized geometries using Density Functional Theory (DFT) 
with B3LYP functional at 6-311++G (d, p) basis set level. 
 
3. Results and Discussions 
 
For calculating pKa values, the first step it to calculate free energies in solution and this calculation of 
free energies in solution is usually carried out with the help of a thermodynamic cycle, in which solution-
phase reaction free energies are obtained as the sum of the corresponding gas-phase free energy and the 
free energy of solvation, which can be written as in equation (1).                                                                                 
 
 
                                                             (1) 
Where * denotes a standard state of 1 mol/L.  
Absolute pKa calculations in the present work are based on the following thermodynamic cycle [20]. 
 
 
 
 
 
 
 
 
Fig 3: Thermodynamic cycle employed for pKa calculations 
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Figure 4: Lowest-energy structures of neutral and protonated polyamines in the gas phase. 
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pKa of the different amines studied are obtained by using the above thermodynamic cycle. The standard-
state free energy change associated with the following reaction, ∆G*aq 
                                                             
*
, ( )AH Aaq deprot AH
G
s s sH
' o                                       (2) 
is related to the aqueous pKa according to 
*
ln(10)
aqGpKa
RT
' 
                                                 (3) 
Using the thermodynamic cycle shown in Fig 3, ∆G*aq may be expressed in terms of the aqueous 
solvation free energies of the acid AH+ and its conjugate base A 
                             * 0 * * * *( ) ( ) ( ) ( ) ( )aq gas s s sG AH G AH G A G AH G H G
    q'  ' ' ' ' '                  (4) 
Where ∆G*s(AH+) and ∆G*s(A) are the standard-state aqueous solvation free energies of AH+ and A, 
respectively, ∆G*s(H+) is the aqueous solvation free energy of H+, ∆G0gas(AH+) is the gas-phase acidity of 
AH+, defined by 
                                        0 0 0 0( ) ( ) ( )gas gas gas gasG G A G H G AH
 '                                               (5) 
and ∆G0* is the free energy change associated with moving from a standard state that uses a concentration 
of 1 atm in the gas phase and 1 mol/L in the aqueous phase (denoted by the superscript “°”), to a standard 
state that uses a concentration of 1 mol/L in both the gaseous and aqueous phases (denoted by the 
superscript “*”). The ideal-gas law yields 
                                                          * ln(24.46)oG RT'                                                                  (6) 
At 298 K, ∆G0* is 1.89 kcal/mol. 
The value of Gibbs free energy of the proton in the gas phase is set to -6.29 kcal/mol [21] and the solution 
phase free energy for proton is -263.977 kcal/mol [22] in this work. 
   
 Table 2 compares the calculated pKa values from PCM and SM8T solvation models with 
available experimental data for polyamines studied at 298 K. By comparing the results, it can be seen that 
error in computational and experimental pKa values is considerable. Also, in the figure 5, it can be seen 
that the absolute values of pKa of piperazine are not exactly predicted by these continuum solvation 
models, but the slope of the pKa curves are very similar to each other. Thus, we may say that when 
compared with the experimental data set, PCM and SM8T continuum models are able to predict 
temperature trends with good accuracy. We have improved the temperature dependency of pKa values 
using these continuum solvation models. [23]. 
 
Table 2: Comparison of experimental and calculated pKa values for polyamines (at 298K). 
 
 
 
 
 
 
 
 
 
 
 
 
*Experimental references used are: a: Khalili et al [24], b:Aronu et al [25], c: Perrin et al [26]. 
 
Amine pKa (Exp.)* pKa (PCM) pKa (SM8T) 
PZ 9.73 11.05 11.72 
DMP 8.38 9.19 9.24 
MAPA 9.89 9.77 9.77 
TMEDA 9.1-9.0 9.10 9.73 
TMPDA 9.8-9.6 9.81 10.03 
TMBDA - 9.89 10.1 
PMDETA 9.4-9.2 9.21 9.29 
PMDPTA 10-9.8 9.68 9.82 
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Fig 5: Comparison of experimental, PCM, SM8T solvation models pKa values for piperazine. 
Figure 6 and 7 show the results for calculated pKa values for polyamines with the PCM and SM8T 
solvation models. As can be seen from the graphs, the pKa values of polyamines decrease as we go high 
in the temperature.  This is in agreement with the theory that with an increase in temperature, the pKa 
decreases. We can also see that with the change in structure of polyamine molecule, the pKa values are 
also changed [27]. Computationally we can obtain the sensitivity of a polyamine pKa with respect to 
temperature changes, which is very important parameter in screening an optimum solvent for CO2 capture 
process.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6: Temperature dependent pKa values (calculated by using PCM continuum solvation model) for polyamines. 
Amine pKa (Exp.) pKa (PCM) pKa (SM8T) 
PZ 9.73 11.05 11.72 
DMP 8.38 9.19 9.24 
MAPA 9.89 9.77 9.77 
TMEDA 9.1-9.0 9.10 9.73 
TMPDA 9.8-9.6 9.81 10.03 
TMBDA - 9.89 10.1 
PMDETA 9.4-9.2 9.21 9.29 
PMDPTA 10-9.8 9.68 9.82 
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As can be seen from the figure 6 and 7, piperazine is seen to have the maximum pKa value, while DMP, 
has the lowest pKa value. This implies tha a little structural change in the molecule can make large 
changes in the value of pKa. If we compare TMEDA, TMPDA and TMBDA having 2, 3 and 4 CH2 units 
in between two amino groups, the trend in pKa values is given as 
 
TMBDA > TMPDA > TMEDA 
 
So, we have observed that as we increase the carbon chain between the amino groups, the pKa values also 
goes up, as expected from theory. Similarly if we compare the PMDETA and PMDPTA pKa values, we 
get the following trend by both the PCM and SM8T models 
 
PMDPTA > PMDETA 
 
Fig 7: Temperature dependent pKa values (calculated by using SM8T continuum solvation model) for polyamines 
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The pKa of MAPA is somewhere in between. MAPA has both a primary and a secondary amino group 
and two CH2 units in between amino groups. The trends for change in pKa with temperature are similar 
with both solvation models. In CO2 capture processes, the pKa swing in absorber and in desorber plays an 
important role, and by this study we can have an idea of pKa of particular amine and can choose the 
amine suitable for process conditions. 
 
Conclusions: 
 
Computational pKa calculations and temperature effects on pKa values can be satisfactorily done by 
adopting continuum solvation models. This temperature dependency of pKa is very important to 
understand to accurately estimate the effects of temperature swing in a CO2 capture process. Also, we 
have found out that in case of polyamines there is a relationship between pKa and carbon chain length. 
The more alkyl groups present in a polyamine, the higher the pKa value. Both PCM and SM8T model 
behave well for calculating temperature trends of free energy of solvation and hence in the calculation of 
pKa values. 
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